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b Instituto Superior Técnico, Centro de Engenharia Biológica e Quı́mica,
Av. Rovisco Pais, 1049-001 Lisboa, Portugal
c Instituto Superior de Agronomia, Centro de Estudos Agro-Alimentares,
Tapada da Ajuda, 1349-017 Lisboa, Portugal
Received 18 March 2006; received in revised form 16 October 2006; accepted 18 October 2006
bstract
Response surface methodology was used to model and optimise the esterification of ethanol with butyric acid in n-hexane, catalysed by Candida
ugosa lipase immobilised in two hydrophilic polyurethane foams (“FHP 2002TM” and “FHP 5000TM”). Experiments were carried out following
entral composite rotatable designs (CCRD), as a function of the initial water activity of the biocatalyst (aw), initial butyric acid concentration (A)
nd ethanol:acid molar ratio (MR) in the organic medium. Ester production increased with increasing aw of the biocatalysts, probably due to the
ydrophilicity of both substrates in contrast with the hydrophobicity of the product, which is released to the bulk medium. Thus, for each biocatalyst
aw = 0.98) another CCRD was performed as a function of A and MR. With both preparations, higher conversions (>95%) were observed for low
TMvalues. For the “FHP 2002 ” system, a maximum ester production of 0.23 M is expected, after 18-h reaction, at initial 0.35 M A and 1.51 MR,
orresponding to aw of 0.95 and 0.84 M A and 1.65 M ethanol in lipase microenvironment. With “FHP 5000TM” system, predicted initial conditions
f 0.54 M A and 0.75 MR (0.32 M A; 0.75 M ethanol in microenvironment; aw of 0.95), will lead to the maximum ester production of 0.27 M.
hese maxima were experimentally confirmed.
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. Introduction
Esters of short-chain carboxylic acids and alcohols are widely
sed in the food industry as flavouring compounds [1]. Nowa-
ays people are concerned about their health and claim for
atural ingredients and foods. However, the sources of natu-
al flavour compounds are frequently not enough to meet the
emand. Also, the extraction of flavours from natural sources is
xpensive and often gives low yields. The search for enzymatic
rocesses, recognized as natural, to produce these molecules has
een a challenge for the food industry.
Lipases have been successfully used to catalyse esterifica-
ion [1–16] and interesterification reactions [4,7,17,18] aimed
Abbreviations: CCRD, central composite rotatable design; RSM, response
urface methodology
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t the production of flavouring esters for food, pharmaceutical
nd cosmetics purposes.
However, lipases must be used in immobilised forms, present-
ng both high catalytic activity and operational stability, in order
o lower the costs of the biocatalyst in the process by reusing it
n batch cycles or using it in continuous reactors [19].
Among several immobilisation techniques, lipase immobil-
sation in polyurethane foams, where entrapment is coupled to
hemical binding during polymer synthesis, has been reported
y several authors [5,20–31]. In previous studies, Candida
ugosa lipase was immobilised in hydrophilic polyurethane
oams and successfully used as a catalyst for the following
eactions: esterification of ethanol with butyric acid [5], glyc-
rolysis [23–25,29] and hydrolysis of olive and olive residue oils
22,26,28].All these reactions were carried out in the presence of an
rganic phase. The displacement of the reaction equilibrium
owards synthesis (esterification or interesterification reactions)
r hydrolysis is mainly determined by the amount of water in
P. Pires-Cabral et al. / Biochemical Engin
Nomenclature
aw thermodynamic water activity
A initial butyric acid concentration (M) in the
organic medium
FHP 2002 foamable hydrophilic polyurethane
pre-polymer “HYPOL FHP 2002TM” from Dow
Chemicals, UK
FHP 5000 foamable hydrophilic polyurethane
pre-polymer “Hypol FHP 5000TM” from Dow
Chemicals, UK
MR initial ethanol:butyric acid molar ratio in the
organic medium











































































R2adj adjusted coefficient of determination
hese systems. In fact, water is essential to enzyme activity,
ue to its role in the formation of hydrogen bonding and in
an der Waals interactions, which are responsible for the main-
enance of the native catalytically active conformation of the
nzyme.
Rather than the knowledge of the water content of a system,
he thermodynamic water activity (aw), i.e. the ratio between
he vapour pressure of the water molecules in that system and
hat of pure water at the same temperature, is a most useful
arameter since it is related with the water availability as reac-
ant. In principle, it is expected that in systems with low water
ctivity values, esterification and interesterification reactions are
avoured, while water activity values very close to 1 promote
ydrolytic reactions [32].
The aim of the present study is to model and optimise,
y response surface methodology (RSM), the production of
thyl butyrate, a pineapple-like flavouring ester, in n-hexane
atalysed by C. rugosa lipase immobilised in biocompatible
olyurethane foams with different hydrophilicities. Experiments
ere carried out as a function of the initial water activity
aw) of the biocatalyst, initial butyric acid concentration (A)
nd the molar ratio ethanol:butyric acid (MR) in the organic
edium.
When the foams containing the immobilised lipase molecules
re added to the reaction medium (substrates in n-hexane), the
arious molecular species will partition between the foams and
he organic phase, with the migration of the hydrophilic sub-
trates towards the microenvironment. Thus, the concentration
f substrates in the microenvironment of the lipase becomes very
ifferent from that of the organic medium [31]. The partitioning
f substrates (butyric acid and ethanol), product (ethyl butyrate)
nd water between the microenvironment of the C. rugosa lipase
mmobilised in these foams and bulk reaction medium was previ-
usly investigated [30,31]. From these studies, model equations
ere established to predict the water activity and the microenvi-onmental composition for these systems, from the knowledge
f the initial bulk composition (prior to the addition of the
iocatalyst). Therefore, modelling and optimisation of the pro-
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The lyophilised C. rugosa lipase (lipase AY 30) was a gen-
rous gift from Amano Enzyme Europe Ltd., UK.
.2. Immobilisation matrix
The hydrophilic polyurethane pre-polymers (“Hypol FHP
002TM” and “Hypol FHP 5000TM”), for lipase immobil-
sation, were kindly donated by Dow Chemical Company
imited, UK. “Hypol FHP 2002TM” is a toluene diiso-
yanate (TDI) pre-polymer and “Hypol FHP 5000TM” contains
iphenylmethane-4,4′-diisocyanate (4,4′-MDI) groups. “Hypol
HP 2002TM” and “Hypol FHP 5000TM” foams have
quaphilicity values [33] of 3.2 and 2.6, respectively [31]. The
quaphilicity of immobilisation supports is a parameter pro-
osed by Reslow et al. [33] as an indicator of the ability of
he support to adsorb water from water-saturated diisopropyl
ther. It is defined as the quotient (amount of water on the sup-
ort):(amount of water in the solvent). In fact, aquaphilicity is
ot a true partition coefficient since it depends on the ratio (dried
upport: water saturated diisopropyl ether) used for the assay.
eslow et al. [33] proposed the use of a 1:5 (w/w) ratio.
.3. Reagents
Butyric acid, ethanol, ethyl butyrate, n-hexane and 4-methyl
-penthanol (used as internal standard) were analytical grade
nd obtained from various commercial sources.
. Methods
.1. Preparation of immobilised lipase
Hydrophilic polyurethane foams were prepared by mixing
he polyurethane pre-polymer (0.60 g of “Hypol FHP 2002TM”
nd 0.35 g of “Hypol FHP 5000TM”) with the aqueous phos-
hate buffer solution (0.020 M KH2PO4 + 0.027 M Na2HPO4;
H 7.0), containing lipase powder (0.35 or 0.30 g for “Hypol
HP 2002TM” and “Hypol FHP 5000TM” foams, respectively),
n a ratio of 1:1 (w/w) [28]. During polymerisation, water reacts
ith free radicals of the pre-polymer and carbon dioxide is
eleased [34]. In spite of the different amounts of pre-polymer
sed, a final volume of about 1.7 cm3 was exhibited by each
oam preparation. This is explained by the higher porosity of
HP 5000 foam (0.73) when compared with the other counter-
art (0.64), as previously estimated by water displacement in a
raduated cylinder [5].
The amount of lipase used in each foam corresponds to the
aximum load above which severe internal mass transfer limi-
ations are encountered [28,31].
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Table 1
Experimental design matrix used (CCRD-1) as a function of initial thermodynamic water activity of the biocatalyst (aw), the initial butyric acid concentration (A)
and the initial ethanol:butyric acid molar ratio in the organic medium (MR)
Experiment number Initial thermodynamic
water activity, aw
Organic medium FHP 2002 foam FHP 5000 foam
A (M) MR [ESTER] (M) CONV (%) [ESTER] (M) CONV (%)
1 0.350 0.150 0.700 0.022 21.0 0.046 43.5
2 0.350 0.150 2.000 0.021 13.9 0.049 32.6
3 0.350 0.500 0.700 0.023 6.5 0.059 16.7
4 0.350 0.500 2.000 0.020 4.1 0.038 7.5
5 0.750 0.150 0.700 0.045 43.2 0.060 57.1
6 0.750 0.150 2.000 0.036 23.8 0.144 96.3
7 0.750 0.500 0.700 0.112 32.1 0.130 37.1
8 0.750 0.500 2.000 0.062 12.4 0.102 20.4
9 0.214 0.325 1.350 0.023 7.1 0.037 11.5
10 0.886 0.325 1.350 0.162 49.8 0.305 93.9
11 0.550 0.031 1.350 0.019 60.0 0.027 88.7
12 0.550 0.619 1.350 0.025 4.1 0.042 6.8
13 0.550 0.325 0.257 0.030 35.7 0.082 98.0
14 0.550 0.325 2.443 0.021 6.3 0.031 9.5
15 0.550 0.325 1.350 0.022 6.7 0.032 9.8


























































7 0.550 0.325 1.350
xperimental results of ethyl butyrate concentration ([ESTER]) and conversion
oth biocatalysts.
.2. Preparation of biocatalysts with different initial aw
alues
After polymerisation, both FHP 2002 and FHP 5000 prepara-
ions have high aw values (about 0.98 at 30 ◦C) [30]. To achieve
mmobilised lipases at different initial aw values, foams were
ried under reduced pressure, for different times, according to
he procedure previously described [28]. The foams contain-
ng immobilised lipase molecules, prepared in triplicate, were
ut into small cuboids (∼0.07 cm3) and immediately placed in
Heraeus D-6450 Hanaw vacuum oven, at 40 ◦C under 15 or
0 kPa absolute pressure. At different times, foams were taken
rom the oven and their thermodynamic water activity value
as measured at 30 ◦C with a Rotronic Hygroskop DT humid-
ty sensor (DMS-100H). After drying and aw measurement, the
mmobilised biocatalysts were immediately added to the organic
eaction medium.
.3. Esterification experiments
The FHP 5000 or FHP 2002 foams containing immo-
ilised lipase molecules and cut in cuboids (∼0.07 cm3) were
mmersed in 12 cm3 n-hexane solutions containing butyric acid
nd ethanol. The initial aw value of the biocatalyst and con-
entrations of substrates varied according to the experimental
esign followed (cf. Section 3.4).
The esterification reaction was carried out at 30 ◦C in a
hermostated-capped cylindrical glass vessel under magnetic
tirring at 1400 rpm. After 18 h contact time, samples of 500 L
f organic medium were taken and assayed for ethanol, butyric
cid and ethyl butyrate content. These samples were added to
qual volumes of 0.4 M 4-methyl-2-penthanol (internal stan-
ard) in n-hexane, prior to the analysis by gas chromatography,






0.023 7.1 0.060 18.5
ethyl butyrate (CONV), after 18 h reaction, at 30 ◦C, for each experiment with
.4. Experimental design
Response surface methodology [35–37] was used to model
nd optimise the esterification of ethanol with butyric acid, catal-
sed by C. rugosa lipase immobilised in polyurethane foams.
n a first set of experiments, the effects of the initial aw of
he biocatalyst (lipase in FHP 2002 foams or in FHP 5000
oams), initial butyric acid concentration (A) and molar ratio
thanol:butyric acid (MR) on ester production were investigated.
or each biocatalyst, a total of 17 esterification experiments
as carried out following a central composite rotatable design
CCRD-1), where the following five levels were tested for each
ndependent variable: two factorial levels; two star levels; and
he centre level [35–37]. The following ranges were consid-
red in this experimental design: aw varied from 0.21 to 0.89, A
rom 0.03 to 0.62 M and MR from 0.26 to 2.44 (Table 1). The
hoice of a wide range for all the variables tested was aimed
t identifying real effects of each variable on the esterification
eaction and also at limiting the boundaries of the experimental
pace.
Taking into account the results obtained in this first CCRD,
nother set of esterification experiments was carried out, for each
iocatalyst type, following a second CCRD (CCRD-2) only as a
unction of A and MR, and using the biocatalyst at its original aw
f about 0.98. Also, five levels were tested for each variable and
he experimental design consists of four factorial points, four
tar-points and three centre points, in a total of 11 experiments
er biocatalyst. A varied from 0.08 to 0.57 M and MR from 0.43
o 2.27 (Table 2). In this second set of experiments, the CCRD
ollowed was the same used in previous experiments carried out
ith the same reaction systems, to evaluate the partitioning of
ater, butyric acid and ethanol between the microenvironment
f the immobilised lipase in polyurethane foams and the organic
olvent [30,31].
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Table 2
Experimental design matrix used (CCRD-2) as a function of the initial butyric acid concentration (A) and the initial ethanol:butyric acid molar ratio in the organic
medium (MR)
Experiment number Organic medium FHP 2002 foam FHP 5000 foam
A (M) MR [ESTER] (M) CONV (%) [ESTER] (M) CONV (%)
1 0.150 0.700 0.093 88.6 0.105 100.0
2 0.150 2.000 0.122 81.2 0.135 90.3
3 0.500 0.700 0.027 7.6 0.311 89.0
4 0.500 2.000 0.142 28.3 0.115 23.1
5 0.078 1.350 0.077 98.8 0.078 100.0
6 0.572 1.350 0.179 31.3 0.196 34.3
7 0.325 0.431 0.129 92.3 0.124 88.6
8 0.325 2.269 0.159 48.8 0.109 33.5
9 0.325 1.350 0.225 69.2 0.245 75.5



















































The drying curves for FHP 2002 and FHP 5000 foams con-
taining immobilised lipase molecules, obtained at 40 ◦C under
15 and 50 kPa, are presented in Fig. 1. Similar profiles were
observed for all cases, but when drying was performed at 15 kPa,1 0.325 1.350 0.25
xperimental results of ethyl butyrate concentration ([ESTER]) and conversi
iocatalysts at their original water activity of 0.98 at 30 ◦C.
.5. Statistical analysis
For every experiment of each CCRD, the ethyl butyrate con-
entration (ESTER) and the respective conversion values were
nalysed using the software “StatisticaTM”, version 5, from Stat-
oft, Tulsa, USA. The conversion into ethyl butyrate (CONV)
as defined as the ratio between ethyl butyrate concentration and
he initial concentration of the limiting substrate in the organic
edium.
Linear and quadratic effects of the independent variables and
heir linear interactions on ESTER and CONV were calculated.
heir significance was evaluated by analysis of variance. Four-
nd three-dimensional surfaces were fitted to each set of esti-
ated ESTER and CONV values, for the CCRD-1 and CCRD-2
xperiments, respectively. These surfaces were described by a
rst- or second-order polynomial. First- and second-order coef-
cients of these equations are usually unknown and, therefore,
ere estimated from the experimental data by using the sta-
istical principle of least squares. The fit of the models was
valuated by the determination coefficients (R2) and adjusted
2 (R2adj) [35–38]. The R
2 value provides a measure of how
uch of the variability in the observed response values can
e explained by the experimental factors and their interactions.
owever, the R2 should be used with caution since it will always
ncrease with the inclusion of a new variable to the model. The
se of R2adj is preferred and is related with R
2 by the following
quation:
2
adj = 1 −
n − 1
n − p (1 − R
2) (1)
here n is the number of experiments and p is the number of
ariables in the model. The R2adj takes into account the fact that
he number of residual degrees of freedom in the polynomial
egression changes as the order of the polynomial changes. R2adj
s an unbiased estimate of the coefficient of determination and
s always smaller than R2. In practice, R2 should be at least






o ethyl butyrate (CONV) after 18 h reaction, for each experiment with both
.6. Validation of the esterification models
To investigate the applicability of the models established by
SM to describe ester production, esterification experiments
ere carried out for each biocatalyst, under the predicted ini-
ial optimised conditions. Thus, initial 0.35 M A and 1.51 MR
ere used, for the system containing the immobilised lipase in
HP 2002 foams, and 0.54 M A and 0.75 MR for the lipase in
HP 5000 foam system. Along 48 h reaction, samples of 500 L
f organic medium were taken and assayed for substrates and
roduct as previously described (cf. Section 3.3). The obtained
xperimental results were compared to the theoretical values
redicted by the models.
. Results and discussion
.1. Preparation of biocatalysts with different initial aw
aluesig. 1. Drying curves of FHP 2002 (circles) and FHP 5000 (triangles) foams with
mmobilised lipase molecules, obtained at 40 ◦C under 15 kPa (filled symbols)
nd 50 kPa (open symbols) pressures.
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Table 3
Effects and respective p-levels (values between brackets) of the initial thermodynamic water activity of the biocatalyst (aw), of the initial butyric acid concentration
(A), of the molar ratio ethanol:acid (MR) and the respective interactions (aw × A), (aw × MR) and (A × MR) on the production of ethyl butyrate (ESTER) and on
conversion into ethyl butyrate (CONV) with the biocatalyst immobilised in the FHP 2002 and FHP 5000 foams
Factor FHP 2002 foama FHP 5000 foama
ESTER (M) CONV (%) ESTER (M) CONV (%)
aw (linear term) 0.059 (0.00038) 20.189 (0.0080) 0.102 (0.0022) 36.504 (0.026)
aw (quadratic term) 0.0472 (0.0024) 11.409 (0.102) 0.0814 (0.011) 20.034 (0.203)
A (linear term) 0.0151 (0.147) −20.625 (0.0072) 0.00783 (0.728) −41.821 (0.014)
A (quadratic term) −0.0027 (0.798) 13.960 (0.055) −0.0154 (0.538) 16.513 (0.285)
MR (linear term) −0.0114 (0.257) −14.359 (0.035) −0.00683 (0.761) −21.433 (0.141)
MR (quadratic term) −0.00023 (0.982) 6.125 (0.346) −0.00008 (0.997) 20.741 (0.188)









































































w × MR −0.0138 (0.294) −7.4
× MR −0.0108 (0.404) 1.1
a System.
ower drying times were needed. Thus, by controlling pressure
nd drying time, different final aw values can be reached in the
oams, as previously reported [28]. In addition, the time required
o dry FHP 2002 foams was higher than that needed to dry FHP
000 foams, under the same experimental conditions. This sug-
ests that water molecules are more strongly bound to FHP 2002
oams than to the other counterpart, which is in agreement with
heir aquaphilicity values (cf. Section 2.2).
.2. Modelling ethyl butyrate production
To model the esterification reaction and optimise the initial
ulk composition and the thermodynamic water activity of both
HP 2002 and FHP 5000 foams, linear and quadratic effects of
w, A and MR and the respective linear interactions (A × aw),
MR × aw) and (A × MR), on ethyl butyrate concentration and
n the conversion into ester were calculated (Table 3). For a given
actor (aw, A or MR), a positive or negative effect on a response
ESTER or CONV) indicates that an increase in the value of that
actor is accompanied by a corresponding increase or reduction
n the response, respectively. Therefore, the response CONV
ignificantly decreases at linear level and increases at quadratic
evel with the factors A and MR (Table 3).
In these first sets of experiments, a low effect of the initial
cid concentration alone on ester production is observed. How-
ver, the effect of A cannot be ignored since some of its linear
nteractions are important enough to be neglected.
For every system under study, the initial aw showed sig-
ificant positive linear and/or quadratic effects on ESTER
nd CONV. This indicates that high initial aw values of the
mmobilised lipase will promote the esterification reaction. The
ositive effect of initial aw of the biocatalyst on ester synthesis
s unexpected since, in esterification reactions, water is a prod-
ct. Therefore, low aw environmental conditions should promote
he shift of the chemical equilibrium towards the synthesis [32].
owever, due to the hydrophylicity of the polyurethanes used
s immobilisation supports, a competition for the free water
emaining from the polymerisation step will occur between the
oams, the enzyme molecules and, though in much less extent,
he organic solvent [30]. Also, due to partition effects, higher




.338) 0.0185 (0.532) 10.629 (0.549)
.883) −0.0341 (0.266) −13.569 (0.448)
articularly in the most hydrophilic foams (FHP 2002 foam)
ill be observed, since ethanol is considerably more soluble in
he aqueous phase (i.e. near the enzyme) than in the organic
edium [31]. A loss of biocatalyst activity, due to ethanol-
nduced dehydration of the protein, may also occur. This may
e particularly dramatic when the amount of free water is insuf-
cient to compensate for the dehydration, i.e. under low water
ctivity conditions. Thus, a high initial aw value of the bio-
atalyst seems to promote an adequate water activity for the
sterification reaction, after the immersion of the immobilised
ipase preparations in the organic media and when water partition
quilibrium is attained. In addition, high aw values are not detri-
ental to ester synthesis because both substrates are hydrophilic
nd the product is hydrophobic. Thus, the ester is released to the
ulk organic medium, becoming not accessible to the reverse
ydrolytic reaction [31]. In fact, the reaction systems used can
e approximated as a reverse emulsion, with n-hexane as the
ontinuous phase and water droplets entrapped in the support
articles [30].
For each system, the experimental data (ESTER and CONV
alues) could be fitted to four-dimensional response surfaces,
escribed by second-order polynomial models, as a function of
he selected factors with important effects on them (Table 4).
hese surfaces are presented in two three-dimensional surfaces
ach (Figs. 2 and 3), as a function of only two factors (aw versus
; aw versus MR), keeping the third factor constant, at its central
oint value (i.e., MR = 1.35 or A = 0.325 M, respectively).
Concerning the results obtained in these first CCRDs, a sec-
nd set of esterification experiments was carried out, only as a
unction of A and MR, using the biocatalysts at its initial ther-
odynamic water activity of 0.98. The migration of free water
rom the polyurethane foams to the bulk organic medium will
ccur, leading to high aw values when partition equilibrium is
ttained [30].
The production of ethyl butyrate and conversion into ester,
fter 18 h reaction time, are presented in Table 2. With both
oams, the highest conversions (higher than 95%) were observed
t low A values.
The conversion into ester significantly decreases with
he initial butyric acid concentration and/or the molar ratio
thanol/butyric acid, as indicated by the estimated effects of A,
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Table 4
Model equations for the response surfaces fitted to the production of ethyl butyrate (ESTER) and to the conversion into ethyl butyrate (CONV), after 18 h reaction,
as a function of the initial thermodynamic water activity (aw), of the initial butyric acid concentration (A) and the initial molar ratio ethanol:butyric acid (MR), with
the biocatalyst immobilised in the FHP 2002 and FHP 5000 foams and respective R2 and R2adj
System Model equations R2 R2adj
FHP 2002 foam ESTER = 0.119 − 0.548aw + 0.599a2w − 0.0757A + 0.0356MR + 0.332aw A − 0.0529aw MR − 0.0473A MR 0.915 0.848















HP 5000 foam ESTER = 0.223 − 0.912aw + 1.061a2w
CONV = 175.989 − 184.21aw + 250.427a2w − 294.729
R and of the linear interaction (A × MR) (Table 5). In addition,
or FHP 5000 preparation, the negative effect of the linear inter-
ction (A × MR) cannot be neglected, either on the conversion
r on ester production.
A decrease of the ester conversion with increasing substrate
oncentration was also reported by others [6,12,14]. This is prob-





ig. 2. Response surfaces fitted to the production of ethyl butyrate, as a function of (
nitial aw of the biocatalyst and initial molar ratio ethanol/butyric acid, catalysed by C
oams, respectively.0.793 0.764
69.598A2 − 82.761MR + 24.546MR2 0.744 0.591
he reaction, which will promote the reverse hydrolysis reaction
nd/or an inhibitory effect of ethanol [12]. For both immobilised
reparations, the production of ethyl butyrate could be fitted to
onvex surfaces (Fig. 4A and B), described by second-order
olynomial models (Table 6) with stationary points (maxima)
nside the experimental domain. The conversion into ester could
e described by a first- or second-order polynomial equation
i) initial aw of the biocatalyst and initial butyric acid concentration, and of (ii)
. rugosa lipase immobilised in FHP 2002 (A and C) and FHP 5000 (B and D)
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Fig. 3. Response surfaces fitted to the conversion into ethyl butyrate, as a function of (i) initial aw of the biocatalyst and initial butyric acid concentration, and of (ii)
initial aw of the biocatalyst and initial molar ratio ethanol/butyric acid, catalysed by C. rugosa lipase immobilised in FHP 2002 (A and C) and FHP 5000 (B and D)
foams, respectively.
Table 5
Effects and respective p-levels (values between parentheses) of the initial butyric acid concentration (A), of the molar ratio ethanol:acid (MR) and interaction (A × MR)
on the production of ethyl butyrate (ESTER) and on the conversion into ethyl butyrate (CONV) with the biocatalyst immobilised in the FHP 2002 and FHP 5000
foams, at its original aw (about 0.98)
Factor FHP 2002 foama FHP 5000 foama
ESTER (M) CONV (%) ESTER (M) CONV (%)
A (linear term) 0.0244 (0.493) −57.399 (0.0061) 0.0687 (0.086) −42.853 (0.0009)
A (quadratic term) −0.1194 (0.029) −13.051 (0.425) −0.0668 (0.142) 0.375 (0.961)
MR (linear term) 0.0464 (0.219) −12.041 (0.383) −0.0538 (0.155) −38.360 (0.0015)
MR (quadratic term) −0.103 (0.047) −7.438 (0.641) −0.0924 (0.060) −5.690 (0.466)
A × MR 0.0431 (0.397) 14.069 (0.466) −0.0989 (0.081) −28.089 (0.022)
a System.
















ig. 4. Response surfaces fitted to the production of ethyl butyrate and to the co
A and C) and FHP 5000 (B and D) foams, respectively, as a function of initial
Table 6), when lipase was immobilised in FHP 2002 and FHP
000 foams, respectively (Fig. 4C and D).By partial differentiation of the polynomial equations for
STER (Table 6), a maximum ester production, after 18 h ester-




odel equations for the response surfaces fitted to the production of ethyl butyrate (
s a function of the initial butyric acid concentration (A) and the initial molar ratio eth
HP 5000 foams, at its original aw (about 0.98), and respective R2 and R2adj
ystem Model equations
HP 2002 foam ESTER = −0.189 + 1.081A − 1.950A2 + 0.303M
CONV = 155.347 − 247.483A − 29.361MR + 61
HP 5000 foam ESTER = −0.278 + 1.493A − 1.092A2 + 0.395M
CONV = 85.636 + 44.245A + 29.150MR − 6.863ion into ethyl butyrate, catalysed by C. rugosa lipase immobilised in FHP 2002
ic acid concentration and initial molar ratio ethanol/butyric acid.
edium, needed to attain this maximum, can be predicted
Table 7).In previous studies, model equations were established to pre-
ict the aw of these systems [30] and also the composition of
he microenvironment of these biocatalysts [31], as a function of
ESTER) and to the conversion into ethyl butyrate (CONV) after 18 h reaction,
anol:butyric acid (MR), with the biocatalyst immobilised in the FHP 2002 and
R2 R2adj
R − 0.122MR2 + 0.190A MR 0.761 0.521
.84A MR 0.792 0.704
R − 0.109MR2 − 0.435A MR 0.793 0.585
MR2 − 123.467A MR 0.953 0.922
156 P. Pires-Cabral et al. / Biochemical Engineering Journal 33 (2007) 148–158
Table 7
Predicted initial medium composition (initial acid concentration [A], molar ratio, MR, and ethanol concentration [EtOH]), and the respective predicted composition
in the microenvironment of the biocatalyst ([A]microenv; [EtOH]microenv), to maximize ester production, [ESTER], the corresponding conversion into ester, CONV,
and productivity, after 18 h esterification reaction, and aw values of the systems
























































HP 2002 foam 0.35 1.51 0.53 0.84
HP 5000 foam 0.54 0.75 0.41 0.32
he bulk initial A and MR. Using these equations, it is possible
o predict the water activity of our systems and the concentra-
ion of ethanol and butyric acid in the microenvironment of the
iocatalysts, under the predicted optimised conditions and when
artition equilibrium is reached. All these predicted values are
resented in Table 7.
For the immobilised lipase in FHP 2002 foam, a maxi-
um ester production of 0.23 M (volumetric productivity of
2.8 mol/mL h), is expected, after 18 h reaction, under opti-
ised initial conditions (0.35 M of A, MR of 1.51). When FHP
000 foam is used, optimum initial conditions (0.54 M of A, MR
f 0.75) will lead to the production of 0.27 M of ethyl butyrate
volumetric productivity of 15.0 mol/mL h). For both biocata-
ysts, predicted maxima for ester production are attained under
imilar aw conditions (about 0.95) and correspond to 66% con-
ersion. The conversion values are calculated on the basis of the
imiting substrate, i.e. butyric acid and ethanol for the FHP 2002
nd FHP 5000 system, respectively.
According to the models, with FHP 5000 foam, the max-
mum predicted ester concentration is expected under much
ower concentrations of butyric acid and ethanol in the vicinity
f the biocatalyst, than with FHP 2002 foam under optimised
onditions (Table 7).
.3. Validation of esterification models
To investigate the applicability of these models describing
ster production, esterification experiments were carried out
ith each biocatalyst, under the predicted initial optimised con-
itions. The time-course of the reaction catalysed by the lipase
n FHP 2002 and FHP 5000 foams is presented in Figs. 5 and 6,
ig. 5. Time-course of the production of ethyl butyrate (triangles) by the ester-
fication of ethanol (filled circles) with butyric acid (open circles), catalysed by








1.65 0.23 66 12.8 0.945
0.45 0.27 66 15.0 0.949
espectively. The obtained values were compared with the the-
retical values predicted by the models (Table 7). After 18 h
eaction, the amounts of ethyl butyrate produced are simi-
ar to the values predicted by the models. This confirms the
oodness of fit of the models to the experimental data, vali-
ating them. In addition, for both systems, a quasi-equilibrium
tate is only attained after about 24 h reaction when 0.243 M
69% conversion) and 0.28 M (68% conversion) of ester is pro-
uced by the lipase in FHP 2002 and in FHP 5000 foams,
espectively.
The better performance of FHP 5000 foam can be ascribed
o its lower hydrophilicity than FHP 2000 foam, leading to
ower substrate concentrations in the microenvironment, under
imilar initial conditions. Thus, substrate inhibition seems to
e alleviated by the use of FHP 5000 foam for lipase immo-
ilisation. These aspects will be addressed in a forthcoming
rticle.
.4. Comparison with other studies
The production of ethyl butyrate by direct esterification catal-
sed by immobilised lipases has been previously described
5,6,12,14]. The majority of these studies used equimolar
mounts of ethanol and butyric acid in n-hexane [5,14] or in
-heptane [5,12].
The immobilised C. rugosa lipase immobilised in FHP 2002
oam was previously tested as a catalyst for the esterification of
.3 M ethanol with 0.3 M butyric acid in n-hexane or n-heptane:
nal ester concentrations of 0.21 and 0.23 M, correspond-
ng to volumetric productivities of 8.58 and 9.63 mol/mL h,
ere obtained, respectively [5]. When the same lipase was
ig. 6. Time-course of the production of ethyl butyrate (triangles) by the ester-
fication of ethanol (filled circles) with butyric acid (open circles), catalysed by
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mmobilised on silica-gel and used in n-hexane contain-
ng initial equimolar substrates concentration (0.2 M), 0.19 M
ster was obtained after 96 h reaction time (productivity of
.98 mol/mL h), [14]. A maximum conversion to ethyl butyrate
f 72.9%, corresponding to 0.03 M ester production, was pre-
icted by RSM upon 96 h reaction at 34 ◦C in n-heptane
0.312 mol/mL h), catalysed by a commercial immobilised
reparation of C. antarctica, also when initial equimolar sub-
trate concentrations were used [12].
In the presence of ethanol in excess (0.1 M A and 0.2 M
f ethanol) in n-hexane, 98% conversion of acid in ester
as achieved, corresponding to a volumetric productivity of
.1 mol/mL h, when the lipase from Rhizomucor miehei immo-
ilized in celite was used [6].
The ethyl butyrate productivity values obtained in the present
tudy are considerably higher than the values reported by other
uthors. In fact, in terms of scale-up of these systems and pro-
ess implementation in continuous bioreactors, the volumetric
roductivity is a more important parameter to consider than
onversion, since in the majority of these systems, high conver-
ions are only attained upon long-term reactions and/or when
ow substrates concentration is used. These situations are thus
ot competitive with the chemical route. Clearly, the use of
ydrophilic polyurethane foams as lipase immobilisation matri-
es enables the manipulation of the microenvironment of the
iocatalyst, leading to the optimisation of the esterification reac-
ions in the presence of organic solvents.
. Conclusions
The present study shows that the prediction of optimal initial
onditions for ester production using an immobilised biocata-
yst may be tackled through the use of response surface models.
n addition, it confirms the feasibility of RSM to predict: (i)
he microenvironmental composition corresponding to the initial
ubstrate composition that maximize ester production and also
ii) the water activity of these systems after partition equilibrium
f water and substrates between bulk medium and microenvi-
onment, by using the models developed in previous studies on
he same reaction systems [30,31].
The developed methodology can be easily transposed to other
ystems containing immobilised biocatalysts, for the modelling
nd optimisation of the reaction conditions.
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